This paper suggests a novel method to measure pressure distribution inside a cross corrugated heat exchanger using microchannel pressure tappings. The microchannel embedded corrugated sheet is fabricated. Especially, the hydraulic diameter of the non-circular microchannel is measured. The specially designed pressure chamber is made to control the reference pressure. The pressure response is examined theoretically and experimentally in terms of delay time and peak pressure. The delay time shows linear decreases to the length of the microchannel and the peak pressure also decreases with increasing frequency of reference pressure. The microchannel pressure tapping is applicable to the steady pressure measurement but not to the transient pressure measurement. Finally, 20 corrugated sheets and one microchannel embedded corrugated sheet are stacked to form the cross corrugated heat exchanger. The static and stagnation pressures inside the heat exchanger are measured. The measured friction factor is compared with that in previous reports.
INTRODUCTION
Corrugated heat exchangers have been widely used in various engineering applications such as power stations [1, 2] , aero-engines [3, 4] and ships [5] due to their compactness, and the high thermal efficiency that results from the increased heat transfer area and rigorous hydrodynamic mixing [6] . On the corrugated surface several patterns of embossing, ribs and herringbones have been examined for further increasing the heat transfer performance [7, 8] . Specifically, the cross corrugated heat exchanger (hereafter, CCHX) has drawn attention due to requests for the development of recuperators and intercoolers for highly efficient engine systems. Figure 1 shows a schematic of the CCHX. The corrugated sheets are stacked with an appropriate angle between adjacent sheet rows; this angle is called the chevron angle. Hot and cold sides of the heat exchanger are separated using corrugated sheets of a particular pitch to height ratio. Numerical and experimental evaluations of the thermal performance of the chevron angle and of the appropriate ratio of pitch to height of the corrugated surface have been done [9] .
In most evaluations, the hydrodynamic and thermal performances of the CCHX have been examined by measuring the pressure drop and temperature difference between the inlet and outlet, as shown in Figure 2 . However, in numerical design, even unit cells of the numerical domain require millions of meshes owing to their complex shape. This means that it is not possible to extend the numerical approach to solve the full model of the CCHX. In the experimental evaluation, in order to verify the performance, the direct measurement of the pressure and the temperature can be attempted. However, the system must be manufactured in advance without knowing the field information inside the CCHX. Also, pressure and temperature can be measured only at the inlet and outlet because there is a difficulty in installing sensors inside the CCHX without disturbing the fluid flow. As a result, all the new designs must be bound with correlations of similar heat exchangers under an assumption that there is no remarkable difference in performance.
NOMENCLATURE
To overcome the limitations in numerical and experimental evaluation, we suggest a novel method to measure pressure distribution inside the CCHX without disturbing the flow field. Figure 3 shows a corrugated sheet that will be inserted into a stacked CCHX. Pressure tappings are integrated on the primary surface of the corrugated sheet and positioned along the flow direction. They are also interconnected to external sensing tappings by microchannels embedded in the corrugated sheet.
To test our suggestion practically, the microchannel embedded sheet is fabricated by using a diffusion bonding of two separated stainless steel sheets with chemically etched tapping holes and microchannels. The corrugation sheet is obtained by stamping the bonded plate. The pressure response of the microchannel is first investigated in terms of the delay time and peak pressure with the theoretical explanation. Then, the proposed corrugated sheet embedded with microchannels is slotted into the middle of the 20 layer stacked cross corrugated sheets and its hydrodynamic performance is characterized.
THEORETICAL PRESSURE RESPONSE OF THE EMBEDDED MICROCHANNEL
The pressure tapping to the pressure sensor is modelled as shown in Figure 4 . When a pressure is applied at the pressure tapping, the pressure propagates through the microchannel and tube and reaches the pressure sensor. Then, the pressure builds up over time in the sensor volume. Because the size of the microchannel is very small, at less than 200 μm in diameter, a slow response of pressure measurement is expected, which means a long delay time.
The delay time can be driven by the mass flow rate in the Hagen-Poiseuille flow and the state equation of an ideal gas. The flow is assumed to be incompressible, 2 dimensional, steady, fully-developed and laminar. Also, the air is an ideal gas and a Newtonian fluid. As soon as the reference pressure is applied to the pressure tapping, a pressure difference is generated between the inlet of the microchannel and the pressure sensor. Thus, the air flows through the microchannel and tube until the forces are balanced.
From the Hagen-Poiseuille flow [10] , the average velocity of the air flow is obtained: where d and l are the diameter and length of the microchannel and tube, respectively. Δp is the pressure difference and μ is the dynamic viscosity of air. The mass flow rate is calculated by multiplying the average velocity by the air density and cross sectional area
where ρ is the air density, and A is the cross sectional area of the channel. By considering the initial air density, the mass flow rate can be modified:
The mass flow rate is also obtained from the state equation of an ideal gas [11] .
where R is the gas constant of air, T is the absolute temperature, M is the molecular mass, and V is the volume of the channel. The two mass flow rates must be equal and Δp is changed with
From the direct integration, the pressure measured at the sensor for the reference pressure can be expressed as:
The response time depends on the time constant, τ.
The delay time depends on the time constant, so that we use the time constant as the delay time. The delay time in pressure measurement strongly depends on the diameter compared with the volume and the channel length [12] . Figure 5 shows the delay time for a 50 mm-long channel achieved by altering the diameter under the application of a reference pressure of 500 Pa.
The delay time of the channel is negligible at over 0.2 mm of the channel diameter and at less than 0.2 mm it is exponentially increased. Based on a magnitude comparison, it is determined that the delay time is only considerable in the microchannel, while the delay time in the millimetre scale tube is negligible.
Figure 5
Time delay with varying diameter of channel.
FABRICATION OF THE MICROCHANNEL-EMBEDDED CORRUGATED SHEET
The microchannel embedded corrugated sheet was fabricated by three main steps of metal etching, diffusion bonding and mechanical stamping. The typical thickness commercially available for these plates is on the order of 100 μm. This compares well with the desired value used in a real scale heat exchanger of approximately 100 μm. Two separated stainless steel plates (SUS-304) each with thickness of 100 μm were prepared. One plate was etched through to make holes to form the pressure tappings and the sensing tappings. Another plate was partly etched to form the microchannels. Ferric chloride solution, FeCl 3 was used to etch the SUS-304 plates [13] . The diameter of the through-etched hole was set at 400 μm by considering the isotropic etching profile of metal etching. The width and depth of the partly etched microchannel were 300 μm and 50 μm, respectively. Microchannels with six different lengths of 43 mm, 49 mm, 55 mm, 61 mm, 68 mm, and 74 mm were designed in order to measure the pressure distribution along the flow direction. Figure 6 provides a cross sectional view and the sizes of the two etched plates.
In the next process, after the pressure tapping holes were aligned above the microchannels to allow for fluidic connections, the two etched plates were placed in a vacuum furnace and were bonded using diffusion bonding to form the microchannels and tappings [14] . The bonding was carried out at the high temperature of 1000 o C and with a load of 10 MPa. To investigate the bonding quality, water leakage was tested. Deionized water was infused into one microchannel by using a syringe and the water was observed only at the outlet connected with that microchannel (Fig. 7) . After that, the outlet was closed and the water was infused again into that microchannel. The water was not observed in neighboring microchannels. This means that hermetic and reliable bonding of the two plates was obtained. In the final process, the bonded flat plate was corrugated by mechanical stamping. In order to obtain a ratio of pitch to height of 4.0 without breaking the microchannels, the holding force and stamping force were set at 4 MPa and 6 MPa, respectively. A corrugated plate, with the pitch of 3.3 mm and a height of 0.82 mm, was formed, resulting in a ratio of 4.0. Figure 8 shows the corrugated sheet and the embedded microchannel clearly in the cross sectional view.
The precise measurement of the diameter is required because the delay time depends on the fourth power of the diameter of the microchannel. However, the cross section of the microchannel is not like a circle or a rectangle, as shown in Figure 9 . In general, the diameter of a non-circular channel can be defined as a hydraulic diameter,
where A is the cross sectional area of the microchannel and Ρ is the length of its perimeter.
To measure the hydraulic diameter, we used a commercial program (iSolution Lite). First, the microchannel was cut into 10 pieces along the distance. The cross section of these pieces was photographed with a high resolution CCD camera (VCC-6574A, Sanyo) installed in a microscope (MX51, Olympus). A CCD image generally contains 2-dimensional digital pixels. By counting the pixels accommodating the area and the perimeter and converting them into scale by using a reference scale bar, the hydraulic diameter can be calculated. Figure 10 shows the quantitative measurement of the average hydraulic diameter and the standard deviation of the six different microchannels. The hydraulic diameter decreased about 10.5 % after the stamping process. The overall average hydraulic diameter of the flat plate was 119 μm, with a standard deviation of 8.1 μm. The overall average hydraulic diameter of the corrugated microchannel was decreased to 106 μm and the standard deviation was increased to 14.3 μm. The large standard deviation was a result of the valley or floor positions of the cross sections of the microchannel. 
EXPERIMENTAL EVALUATION OF PRESSURE RESPONSE OF MICROCHANNELS
To determine the efficiency of nanocapsule and acetone PLGA fractionation we analyzed samples from the three outlet channels using optical transmittance and mass measurements. Samples fractionated into the center and two side outlets were collected, and their mass was measured using a high-precision mass-scale instrument (HR-200, A&D) . The ratios of the volume collected from each side outlet to that collected from the center outlet were 1.285 and 1.290 ml, respectively. This shows good agreement with the numerical flow rates ratio of 1.25 and suggests that only a small portion of the polymerized nanocapsules were collected through the two side-outlet channels.
For the experimental characterization of the pressure response of the microchannel, the pressure chamber was specially designed to control the reference pressure. Figure 11 shows the pressure control chamber, which consisted of a chamber with an initial volume of 80 ml, a PZT disk (T216-A4NO-573X, Piezo Systems) with a diameter of 100 mm, a tube with a diameter of 5 mm connected to a reference pressure sensor, and the microchannel-embedded plate connected to the pressure sensors. The operation diagram showing how the pressure response was measured is also given. The maximum applicable voltage was found through experiment to be 180 V, which value was limited by the breakdown voltage of the PZT disk. When an electrical input of 180 V is applied to a PZT disk, the disk deforms statically or dynamically according to the DC or AC input. Then, the volume of the pressure control chamber changes with the displacement of the PZT disk. As a result, the reference pressure in the pressure chamber can be altered and measured in the reference pressure sensor (1210_1 psi, Measurement Specialties). The delay time in the tube is negligible because of the large diameter. By synchronizing the reference pressure sensor and the microchannel pressure sensor in time, an oscilloscope reads both pressures simultaneously.
First, for the step-wise input of the reference pressure, the pressure response was characterized. The input voltage of DC 180 V was applied to the PZT disk. Then, it deformed statically downward to 476 μm. The chamber pressure was measured at 430 Pa, as determined by the reference pressure sensor (Fig.  12) . The pressure propagated through the microchannel and the pressure started to build up slowly in the pressure sensor due to the strong viscous friction in the microchannel and the large volume in the tube. As a result, the expected delay time occurred between the reference pressure and the microchannel pressure. We measured the delay time when the pressure reached 63.2 % of its final value. Figure 13 shows the average delay time with an error bar obtained from the five repeated experiments. Also, this figure compares the measured delay time to the value that was calculated theoretically. Specifically, the theoretical delay time was calculated using Eq. (8) by inserting the measured average hydraulic diameter. The results show good agreement with the theoretical behavior in that the delay time increases proportionally to the increasing length of the microchannel. However, there is still a discrepancy between the two values, which is thought to result from the large distribution of the hydraulic diameter and the corrugation of the microchannel.
Second, the dynamic pressure response was measured in order to evaluate the possibility of transient pressure measurement using microchannel pressure tapping. To situate the periodic change of the pressure in the pressure chamber, the AC input of 180 V was applied to the PZT disk by altering the frequency. The vibrating displacement resulted in a harmonic change of the reference pressure. Figure 14 compares the dynamic pressure response of the microchannel for the harmonic pressure input. Not only the delay time but also the magnitude of the peak pressure was reduced. The peak pressure is the peak-to-peak value of the pressure measured in the microchannel sensor. The delay time measures the lag for the input pressure. Figure 15 shows the dynamic pressure response achieved by increasing the frequency of the reference pressure. The frequency was increased from 1 Hz to 5 Hz. The magnitude of the peak pressure and the delay time in the microchannel were measured. Both of these values decreased with the increasing frequency. The reason why the peak pressure decreased for increasing frequency can be explained. For example, for the reference pressure of 1 Hz, it takes 0.25 seconds to reach the For the corrugated microchannel of 43 mm, a peak pressure of about 150 Pa was read, while a peak pressure of 187 Pa was measured in the experiment. The delay time is also reduced rapidly for increasing frequency because the time period becomes shorter. We examined the rate percentage of the delay time. This percentage was defined as the ratio of the delay time to the time period of the input frequency. It is interesting that a fairly constant rate percentage of 24 % was measured for all lengths and input frequencies, as shown in Figure 15(b) .
The measurement of the dynamic pressure response of the corrugated microchannel indicates that it is difficult to apply microchannel pressure tappings to measure the transient pressure, which pressure changes quickly with time. A single blow wind tunnel was prepared. Every effort was made to ensure that the flow field was as uniform as possible; this was done by inserting honey combs and meshes in a wind tunnel. Also, mal-distribution in the test section was minimized. A Pitot tube was equipped with instrumentation to measure the inlet and outlet velocities; this tube was positioned 30 cm away from the test section of the CCHX.
In this experiment, owing to the limitations of the blower, reliable velocities in the wind tunnel were obtained at 6.86 and 7.76 m/s, respectively. By using the hydraulic diameter obtained from the pitch and height formed by stacking the corrugated sheets, the Reynolds number values of the air flow were calculated at 698 and 790 respectively. The pressure was measured at nine positions. The static pressures were measured at the inlet and outlet of the test section and at the six pressure tappings inside the CCHX along the flow direction. Also, the pressure tapping at the leading edge of the plate was used to measure the stagnation pressure. The pressure measurement positions are indicated in Figure 16 . Figure 17 shows the measured pressures in the time domain at Reynolds numbers of 698 and 790. The figure also shows that the pressure does not change over at a time. The pressure was larger at the high Reynolds number flow than at the small Reynolds number flow. To examine the characteristics of pressure drop, the friction factor was calculated to distance. As shown in Fig. 18 , the friction factor is saturated as being away from the entrance. This indicates an entrance effect [15] . If the flow is laminar, the entrance length is calculated to be 41.8 and 47.4 mm for the Reynolds number of 698 and 790. If the flow is turbulent, the entrance length is calculated to be 13.3 and 13.4 mm for the Reynolds number of 698 and 790 respectively. A previous work reported that the flow is turbulent even at the Reynolds number of 200 in the cross corrugated flow passage [16] . However, since the microchannel pressure tapping cannot sense the transient change of pressure, no fluctuation of the pressure was found. This also implies that whether the flow is laminar or not turbulent, there must be an entrance effect.
When the friction factor was saturated to a constant, as shown in Figure 19 , the friction factor was obtained and compared with those obtained from previous works [17~20]. The ratio of pitch to height can be considered, as can the chevron angle. It is shown that the friction factor is more strongly dependent on the chevron angle than it is on this ratio. Our measurement of the friction factor is also well positioned in the range of the same angle of 90 o . This implies that the microchannel pressure tapping enables us to measure the static pressure distribution inside the CCHX without any flow disturbance.
CONCLUSIONS
The pressure distribution inside a cross corrugated heat exchanger has been successfully measured by using microchannel pressure tappings. A fabrication method for the microchannel embedded sheet is also introduced: the method uses metal etching, diffusion bonding and stamping. The hermetic bonding of the microchannel embedded plates is guaranteed by a water leak test. The overall hydraulic diameter of the corrugated microchannel was 106 μm, with a standard deviation of 14.3 μm. In order to characterize the pressure response of the microchannel, a pressure chamber that can enable the control of the reference pressure is specially designed and made.
From the theoretical and experimental evaluation of the pressure response of the microchannel, the delay time and the reduction of the peak pressure were measured for the static and dynamic change of the reference pressure. The microchannel pressure tapping method is more appropriate for the measurement of the static pressure than for the measurement of the transient pressure because the pressure is hardly measurable at a frequency of 5 Hz. In addition, the application of the microchannel pressure tapping to the CCHX and the success of this process imply that a practical design of the CCHX is possible with a numerical analysis of the unit cells, performed by providing the experimental static and stagnation pressures.
For further work, more experiments must be done on pressure distribution along and transverse to the flow direction. Also, in order to allow an anticipation of the delay time for an increasing frequency, a dynamic model of the vibration of air in the microchannel due to the periodic change of pressure difference will be determined.
